The prognostic utility of histologic features in patients with diabetic nephropathy (DN) classified according to the Renal Pathology Society (RPS) classification is controversial. Therefore, we aimed to evaluate the relationship between histologic changes and renal outcome in DN patients.
Introduction
Diabetic nephropathy (DN) is one of the leading causes of end stage renal disease (ESRD) worldwide, which develops in nearly 10 to 30% of patients with diabetes mellitus (DM). [1] Methods to predict chronic kidney disease progression to ESRD in DN patients currently rely upon clinical factors like diabetes duration, blood pressure, estimated glomerular filtration rate (eGFR), proteinuria, and hemoglobin A1c level. [2] [3] [4] Data regarding the pathologic features with prognostic utility in DN patients are limited, mostly because kidney biopsy is performed only if an alternative diagnosis that would impose specific therapy is suspected.
In order to standardize the identification and scoring of diabetic kidney lesions, the Renal Pathology Society (RPS) conceived a DN classification in 2010. [5] However, whether this pathologic classification can be used for predicting renal outcome is controversial.
The largest study to date reported that the severity of glomerular and interstitial lesions is significantly associated with renal outcomes in patients with DN. [6] In a smaller study, interstitial lesions-but not glomerular lesions-were found to be a significant predictor of renal prognosis. [7] However, these data have been obtained in Southeast Asian cohorts, in whom the natural history of DN may be distinct from European derived cohorts. Moreover, in a study on a broad ethnic diverse cohort, RPS DN classification was not predictive of time to ESRD. [8] Therefore, challenges remain in the evaluation of the role of the pathologic features in prediction renal prognosis in patients with DM. In this study, we aimed to evaluate the relationship between histologic changes evaluated with RPS DN and renal outcome in European patients (i.e., Caucasian) with biopsy-proven DN who were followed up for more than one year after kidney biopsy.
Materials and methods

Study design and population
This is a longitudinal, retrospective study of patients who underwent native kidney biopsy at "Dr Carol Davila" Teaching Hospital of Nephrology between January 1, 2010 and December 31, 2015 and had a pathologic diagnosis of DN. Patients with superimposed glomerular diseases were excluded. If patients had more than one kidney biopsy performed during the follow-up period, only the first biopsy was included in the study. Biopsy cores with inadequate tissue (i.e., <8 glomeruli) were excluded.
The electronic medical records were reviewed from the time of kidney biopsy to one of four endpoints: ESRD, death, loss to follow-up, or until November 30, 2017. Renal survival was the primary end point of our study and was defined by the progression to ESRD (the need for chronic renal replacement therapy -RRT).
The following data at diagnostic kidney biopsy were available: age and duration of diabetes at the time of biopsy, mean arterial pressure (MAP defined as diastolic blood pressure plus 1/3 of pulse pressure), presence of hypertension (defined as a blood pressure >140/90 mmHg or the use of antihypertensive agents), fasting blood glucose, inflammatory status (serum hemoglobin, erythrocyte sedimentation rate, C-reactive protein), lipid profile (serum cholesterol and triglycerides), serum albumin, eGFR using the four variable CKD-EPI formula, proteinuria, hematuria (Stansfeld-Webb method) and treatment history. Proteinuria was quantified by either the spot urine protein-to-creatinine ratio or the 24-hour urine protein-to-creatinine ratio, depending on which was available.
Diabetes type was unclear in medical records in 7 patients. In these cases, a physician (GS) deduced diabetes type on a combination of age of onset, history of oral hypoglycemic use, and/or insulin regimen.
We used the hypertension-augmented Charlson comorbidity score (hCCS), adding hypertension as a comorbid condition to the CCS (i.e., hCCS was constructed by assigning the weight of 1 point to hypertension and adding to the CCS), in order to quantify the comorbidity burden. [9] The study was conducted with the provisions of the Declaration of Helsinki and the protocol was approved by the local Ethics Committee.
Pathologic classification
For each biopsy specimen, light microscopy, immunofluorescence and electron microscopy were routinely performed. All the biopsies were categorized based on the pathologic classification of the Renal Pathology Society Diabetic Nephropathy Classification. The glomerular classifications were as follows -class I: glomerular basement membrane (GBM) thickening; class IIa: mild mesangial expansion; class IIb: severe mesangial expansion; class III: nodular sclerosis and class IV: global glomerulosclerosis in >50% of glomeruli. [5] In addition, we also evaluated the presence of several common glomerular changes, such as endotheliosis, extracapillary hypercellularity and glomerular basement membrane thickness.
Interstitial fibrosis and tubular atrophy (IFTA) scores were classified as follows: 0, absent; 1, less than 25%; 2, 25% to 50%; and 3, greater than 50% of the total area. Interstitial inflammation was scored as follows: 0, absent; 1, inflammation only in relation to IFTA; 2, inflammation in areas without IFTA. [5] We also assessed the arteriolar hyalinosis and arteriosclerosis defined as non-hyaline thickening of the vascular wall with reduction of the lumen and grouped the lesions as present or absent.
All the specimens were scored by the same pathologist (ME) who was blinded to the clinical findings.
Statistical analysis
Continuous variables are presented as mean or median according to distribution with 95% confidence interval, and categorical variables as percentage. Survival analyses were conducted with the Kaplan-Meier method and the log-rank test was used for comparisons. Variables related to kidney survival were further evaluated in univariate and multivariate Cox proportional hazard models; logarithmic transformation of skewed variables in order to normalize distribution was performed. Two multivariable risk models were created, both of which included clinical characteristics: age, gender, DM duration, hCCS, baseline eGFR, urinary protein and hematuria. The Glomerular Model incorporated only those glomerular characteristics significant to P < .1 in the univariate models. The Fully Adjusted Model included glomerular characteristics significant to P < .05 in the Glomerular Model, as well as interstitial and vascular characteristics significant to P < .1 in univariate models. We used two methods in order to test for collinearity among our predictor variables: i) the variance inflation factor (VIF), where VIF <10 is desirable; (ii) the absolute value of correlation coefficients, where jrj or jrsj <0.7 is desirable. There was no significant colinearity between the variables used in Cox proportional hazard models. A P value of less than .05 was considered statistically significant.
Statistical analyses were performed with SPSS (SPSS Inc., Chicago, IL) and Analyse-it (Analyse-it Software, Ltd., Leeds, UK) packages.
Results
Patients characteristics
In the study period, 90 renal biopsies of DN were found in our database. Exclusion criteria dropped out 16 cases; the main reasons were the presence of less than eight glomeruli or incomplete clinical data. The study population included 74 patients, with a median age of 54.6 years at the time of the renal biopsy and with a male gender predominance (69%). Most of the patients had DM type 2 (81%). The median duration of DM was 10 years and diabetic retinopathy was present in half of the patients. Insulin was the most frequent treatment, followed by oral antidiabetic drugs and diet only (Table 1) .
Significant renal impairment was present in our cohort, with median serum creatinine of 2 mg/dL and eGFR 29.6 mL/min at time of biopsy; just over half of patients had eGFR <30 mL/min. Median 24-h proteinuria was in the nephrotic range (4.0 g/day), but only 27% had nephrotic syndrome at time of biopsy (Table 1) .
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According to the RPS DN glomerular classification, more than half of the patients were in class III (57%), followed by class IV (16%) and IIb (15%). Ten percent of the patients had extracapillary hypercellularity. IFTA evaluated with the IFTA score were present in 56% of the studied patients and interstitial inflammation in relation to IFTA was present in 42% of the patients. Arteriolar hyalinosis was the most frequent vascular lesion ( Table 1) .
The median follow-up period was 32 months (95%CI; 26, 38). Half of the patients progressed to ESRD during follow-up; they had lower eGFR, increased proteinuria, higher hematuria and higher serum cholesterol. Regarding the pathologic features, patients who started RRT were classified more frequent as class III and IV; moreover, they had higher IFTA score, increased interstitial inflammation, more frequent arteriolar hyalinosis and higher GBM thickness (Table 1) .
The renal outcome according to pathologic groups
A total of 26 (35%) patients died during the period of the study; cardiovascular disease was the leading cause of death (n = 16), followed by infectious disease (n = 8). However, 11 patients died after RRT initiation, thus the total number of patients included In univariate time-dependent analyses of kidney survival, higher RPS DN class, increased IFTA score, the presence of arteriolar hyalinosis and arteriosclerosis were associated with poor renal survival (Fig. 1) . Results from univariate and multivariable Cox proportional sub-distribution hazards models of ESRD are displayed in Table 2 . The clinical characteristics associated with poor renal survival in the fully adjusted model were longer duration of DM, lower eGFR, increased proteinuria and higher hematuria and the only pathologic lesions to remain significant were the GBM thickness and the IFTA score.
Of note, RPS DN classification introduced as a continuous variable was significantly associated with the renal outcome in the glomerular model and had a significant trend in the fully adjusted model (Table 2) . However, when RPS DN classification was introduced as a categorical variable there was no relationship with the renal outcome in the fully adjusted model. In contrast, higher IFTA score remained significantly associated with the renal outcome (Fig. 2) .
Discussion
In the present study, we evaluated the relationship between histologic changes and renal outcome in patients with biopsy proven DN. Interstitial fibrosis and tubular atrophy evaluated with IFTA score and the GBM thickness, but not the RPS DN classes were significantly associated with renal survival, independent of clinical and other pathologic features.
In the fully adjusted model, the RPS DN classes introduced as categorical variables were not predictive for ESRD initiation. This finding is contrary to previous studies, which have supported the prognostic utility of the RPS DN classification. [6, 7, 10, 11] However, these data have been obtained from Southeast Asian cohorts, in whom the natural history of DN may be distinct from European populations. In line with this observation, Mottl et al on a broad ethnic diverse cohort (49% black race, 51% other races) showed that RPS DN is not predictive of time to ESRD. [8] To the best of our knowledge, our study is the first European report on RPS DN classification. Moreover, care practices may vary between countries, so the findings of clinical biopsies performed elsewhere may not be applicable in Europe.
In the largest study to date on histologic changes and renal outcome in DN (396 patients, mean baseline eGFR of 73±33 mL/ min, 24-hour urine protein 1.5 g/d), glomerular and interstitial lesions were independently predictive of the time to ESRD. However, the authors used the RPS DN classification as a continuous variable in the multivariate analysis and adjusted only for eGFR, proteinuria and mean arterial pressure. [6] In order to overcome this limitation, we adjusted for the full spectrum of DN progression risk factors and reported the models with RPS DN classification as continuous and categorical variable. In neither fully adjusted models, the glomerular lesions classified according to RPS were not predictive for renal survival.
Several studies evaluated the relationship between interstitial lesions and the renal outcome in patients with diabetic kidney disease. Ruggenenti et al reported that interstitial fibrosis significantly predicted renal survival only in univariate analysis. [12] Moreover, Christensen et al found no relationship between focal IFTA of cortical area and rate of decline in GFR in patients with typical diabetic glomerulopathy. [13] Nevertheless, these results are limited by a small number of selected patients and different assessment methodology. An et al showed that IFTA as well as glomerular lesions (RPS DN classification) constituted an independent risk factor for renal outcome. However, when patients in classes I and IIa were excluded in the analysis, IFTA became the only independent predictor of renal outcomes. [6] Furthermore, Okada et al reported that interstitial lesions, but not glomerular lesions were a significant predictor for renal outcome in patients with type 2 DM and overt proteinuria. [7] Similarly, we found that IFTA score remained an Table 2 Univariate and multivariate Cox proportional hazards models for ESRD of 59 patients. The glomerular model included clinical covariates (regardless of P value) and glomerular variables significant to P < .1 in univariate models. The fully adjusted model included clinical covariates (regardless of P value), glomerular variables significant to P < .1 in the glomerular model, and interstitial and vascular variables significant to P < .1 in univariate models. independent determinant of progression to ESRD when adjusting for clinical, glomerular, and vascular features. Taken together, this data suggests that renal outcome correlate more strongly with the presence of progressive deterioration in tubular and interstitial architecture than with changes in glomerular integrity. Therefore, IFTA seems to be a final common pathway to endstage renal disease. GBM thickening is a characteristic early change in type 1 and type 2 DN and, more importantly, increases with duration of disease. [14] [15] [16] [17] GBM thickening is a consequence of an imbalance between extracellular matrix synthesis and degradation, nonenzymatic glycosylation, change in spatial distribution of collagen type IV, and nonspecific trapping of serum proteins. [18] [19] [20] [21] Interestingly, in our data GBM width was a predictor of renal outcome independently of the clinical, glomerular, interstitial and vascular features.
Recently, Caramori et al reported a structural-functional study on 94 patients with long-standing type 1 diabetes and normoalbuminuria who volunteered for research kidney biopsy and had more than 5 years of follow-up. [22] In this cohort, higher GBM thickness and higher level of hemoglobin A1c were independent predictors of progression to proteinuria, ESRD, or both. [22] Moreover, Zhang et al showed that type 2 diabetes patients with greater width of GBM had relatively poorer renal prognosis, although GBM width did not emerge as an independent indicator of disease progression. [23] Attached to the underlying GBM via transmembrane cell receptors, the podocyte is likely the key culprit in GBM thickening in diabetes, because it is responsible for the matrix turnover. [24] Therefore, GBM thickening in DN may be an injured podocyte response to stress, which could appear even before cell detachment, apoptosis, and albuminuria.
In contrast to the pathological findings, the clinical variables associated with renal survival in the current study were consistent with those in previous reports: male gender, longer duration of DM, lower eGFR and increased proteinuria. [25] The urine sediment in diabetic kidney disease is usually bland, but several studies have shown that microscopic hematuria can occur in patients with biopsy proven DN with a rate of 15% to 35%. [26, 27] Moreover, previous studies have demonstrated an association between the severity of proteinuria, reduced renal function, and an increase in the prevalence of hematuria in patients with DN. [28] [29] [30] [31] In line with these studies, we found that hematuria was associated with poor renal survival in the fully adjusted model. Mesangiolysis, loss of matrix and detachment of mesangium from the peripheral capillary loop lead to capillary microaneurysms formation, usually found around the expanded Kimmelstiel-Wilson nodules. [32] It has been suggested that hematuria in DN might result from the rupture of these capillary microaneurysms. [33] Our study has several limitations, including the retrospective design and the sample of small size, from a single institution. Also, most of the patients had an eGFR lower 60 mL/min (86%) and over 70% were in RPS DN classes III and IV. Therefore, the skewed distribution towards the higher RPS DN classes might have concealed the prognostic significance of earlier glomerular lesions (I and II RPS DN classes), which is further suggested by the fact that GBM, the initial lesion in DN was an independent predictor of ESRD in both models. Moreover, studies on kidney biopsies in diabetic patients may be subjected to biases related to indication and timing of the biopsy. Of note, due to the retrospective nature of the study -data regarding DM control like hemoglobin A1C and glycated albumin were absent at the moment of kidney biopsy; also, in 7 patients the type of DM was deduced form the medical records.
In conclusion, in this European cohort, the severity of glomerular lesions evaluated with the RPS DN classification had a limited utility in predicting renal replacement therapy initiation. However, interstitial fibrosis and tubular atrophy evaluated with IFTA score and the GBM thickness were significantly associated with renal survival.
